► Maternal mild hyperglycemia changed some aspects of maternal behavior. ► Offspring development and general activity was impaired but not sexual behavior. ► Female offspring reproductive hormones and estrous cycle length were not impaired. ► Female offspring did not become glucose intolerant during pregnancy. ► Maternal mild hyperglycemia is enough to impair offspring development and behavior. a b s t r a c t a r t i c l e i n f o The aim of the present study was to evaluate the effect of maternal mild hyperglycemia on maternal behavior, as well as the development, behavior, reproductive function, and glucose tolerance of the offspring. At birth, litters were assigned either to Control (subcutaneous (sc)-citrate buffer) or STZ groups (streptozotocin (STZ)-100 mg/kg-sc.). On PND 90 both STZ-treated and Control female rats were mated. Glucose tolerance tests (GTT) and insulin tolerance tests (ITT) were performed during pregnancy. Pregnancy duration, litter size and sex ratio were assessed. Newborns were classified according to birth weight as small (SPA), adequate (APA), or large for pregnancy age (LPA). Maternal behavior was analyzed on PND 5 and 10. Offspring body weight, length, and anogenital distance were measured and general activity was assessed in the open field. Sexual behavior was tested in both male and female offspring. Levels of reproductive hormones and estrous cycle duration were evaluated in female offspring. Female offspring were mated and both a GTT and ITT performed during pregnancy. Neonatal STZ administration caused mild hyperglycemia during pregnancy and changed some aspects of maternal care. The hyperglycemic intrauterine milieu impaired physical development and increased immobility in the open field in the offspring although the latter effect appeared at different ages for males (adulthood) and females (infancy). There was no impairment in the sexual behavior of either male or female offspring. As adults, female offspring of STZ-treated mothers did not show glucose intolerance during pregnancy. Thus, offspring of female rats that show mild hyperglycemia in pregnancy have fewer behavioral and developmental impairments than previously reported in the offspring of severely diabetic dams suggesting that the degree of impairment is directly related to the mother glycemic intensity.
Introduction
The perinatal environment and maternal care can have longlasting effects on behavior and physiology. Disturbances in maternal metabolism that alter nutrient supply from mother to fetus can induce structural and functional adaptations during fetal development, with lasting consequences for growth and metabolism of the offspring throughout life [1] . Together with maternal metabolism, the Physiology & Behavior 107 (2012) [292] [293] [294] [295] [296] [297] [298] [299] [300] quality and quantity of maternal behavior shown by mother rats has a substantial impact on the behavioral, endocrine, and neural development of their pups (see ref. [2] ).
Maternal diabetes during pregnancy confronts the fetus with an abundant supply of glucose inducing adaptations in fetal development that often result in a diabetogenic effect [1] . Animal models of diabetes during pregnancy have been produced by the use of streptozotocin, a chemical that destroys beta cells of the pancreatic islets. Depending on the route, dose, age, and strain of animals, STZ may induce severe or mild diabetes [3] . Neonatal streptozotocin administration has been used to induce mild hyperglycemia during pregnancy [3] [4] [5] [6] [7] . In the mild diabetes model, animals present glycemic levels from 120 to 300 mg/dL in adulthood.
Many studies have demonstrated the effect of mild hyperglycemia in the mother on offspring body weight and metabolism [1, 8] . On the other hand, studies regarding the effects of maternal hyperglycemia on other aspects of offspring development and behavior have been conducted primarily in rats presenting higher glycemic levels [9, 10] . Therefore, the consequences of mild hyperglycemia during pregnancy for offspring development and behavior in rats are not clear. Additionally, little consideration has been given to the effect of hyperglycemia on maternal behavior. A previous study [11] showed mild hyperglycemia diminished general activity in female rats suggesting that changes in other behaviors, such as maternal care, are possible even in rats with mild hyperglycemia. The aim of the present study, therefore, was to evaluate the effect of maternal mild hyperglycemia on maternal behavior, as well as on offspring development, behavior, reproductive function, and development of glucose intolerance.
Materials and methods

Subjects
Male and female Wistar rats were obtained from Universidade Estadual Paulista (Unesp), Botucatu, São Paulo State, Brazil. They were maintained in an experimental room under controlled conditions with temperature (22 ± 2°C), humidity (50 ± 10%), and a 12 h light/dark cycle. All experimental procedures were approved by the local Committee of Ethics in Animal Experimentation (Number 665), which assures adherence to the standards established by the NIH Guide for the Care and Use of Laboratory Animals.
Experimental procedure
All experimental procedures of this study are summarized in Fig. 1 .
Mother
2.2.1.1. STZ administration, mating, and pregnancy. Females in the Control group (N= 16) were originally derived from 4 litters in which pups received subcutaneous injections of citrate buffer (0.1 M, pH 4.5) on first day of life (postnatal day 0 -PND 0). Females in the STZ group (N= 21) came from 10 litters in which pups received a subcutaneous injection of 100 mg/kg streptozotocin (STZ, SIGMA Chemical Company, St. Louis, Millstone) [12, 13] on PND 0. STZ or vehicle was carefully injected in the pups to make sure that the solution did not spill out.
On post-natal day (PND) 84 blood samples were obtained for plasma insulin determination by ELISA (Mercodia®) and values were expressed as milligrams per liter (mg/L). At PND 90, rats from both Control (n = 16) and STZ (n = 21) groups were mated with healthy male rats and the morning on which sperm were found in the vaginal smear was designated pregnancy day 0. Blood samples were obtained from a tail nick for glycemic determinations (glucose oxidase) by a commercial glucometer (One Touch Ultra, Johnson & Johnson®) and values were expressed in milligrams per deciliter (mg/dL). Rats were not fasted prior to glycemic determinations. Mild hyperglycemia in the STZ group was confirmed on pregnancy day 0, and only animals presenting glycemia between 120 and 300 mg/dL were included in this study (n= 21 animals). STZ-treated rats that did not show mild hyperglycemia (glycemia under 120 mg/dL) on first day of pregnancy were removed from the study. Glycemia was evaluated on days 0, 7, 14 and 21 of pregnancy. An Insulin tolerance test (ITT) was performed on day 15 of pregnancy and an oral glucose tolerance test on day 17 of pregnancy.
2.2.1.2. Insulin tolerance test (ITT) during pregnancy. After a 6 h fast, insulin solution (3.33 U/mL) was injected subcutaneously on the back of each rat (30 μL/100 g body weight) [14, 15] . Blood samples were obtained from a tail nick for glycemic determinations (glucose oxidase) at 0, 30, 60 and 120 min post insulin injection. (gavage -2 g/kg body weight) [14, 15] . Blood samples were obtained from a tail nick for glycemic determinations (glucose oxidase) at 0, 30, 60 and 120 min post gavage. Changes in blood glucose during the glucose tolerance test were evaluated by estimation of the total area under the curve (AUC) using the trapezoidal method [16] .
2.2.1.4. Pregnancy duration, litter size and sex proportion. Pregnancy duration, litter size and sex ratio were evaluated in Control and STZ dams.
2.2.1.5. Maternal behavior. Maternal behavior was evaluated on days 5 and 10 of lactation in Control and STZ dams. On the test day, all pups were removed from the home cage. After 30 min, the nest was destroyed, the pups returned to the cage and mother-pup interaction was recorded for 30 min. Retrieval behavior, pup grooming, self grooming, total time crouching, total time off pups, and nest building were observed. Full maternal behavior (FMB) was scored. Rats were scored as fully maternal if they retrieval all pups to the nest and nursed them for 3 consecutive minutes. All behavioral analyses were performed using Etholog software [17] .
Offspring
2.2.2.1. Newborn birth weight classification. Around pregnancy day 22, Control and STZ rats delivered naturally and their newborns were weighed and classified according to their birth weight as follows: large for pregnancy age (LPA) if their birth weight was greater than 1.7 SD (standard deviation) of the mean birth weight of the pups from Control group; small for pregnancy age (SPA) if their birth weight was lower than 1.7 SD of the mean birth weight of the pups from Control group, and appropriate for pregnancy age (APA) if their birth weight was included in ±1.7 SD of the mean birth weight of the pups from Control group [18] .
2.2.2.2.
Male and female offspring -infancy. After birth, offspring from both Control and STZ dams were divided into 4 groups based on of sex of pup and maternal treatment: male offspring from Control mothers (n =16 litters); female offspring from Control mothers (n =16 litters); male offspring from diabetic mothers (n =21 litters), and female offspring from diabetic mothers (n =21 litters). On postnatal day (PND) 1 the number of pups per litter was culled to 6 (3 females and 3 males) and pups were left with their mothers until weaning. Two rats of each sex from each litter were tested on each parameter and the score/ measure averaged within a sex for each litter. Thus, the litter was the experimental unit.
2.2.2.3. Physical and sexual development. Pups from each litter (Control and STZ groups) were observed daily from PND 1 to 20 in order to evaluate physical development according to the methodology proposed by Smart and Dobbing [19] . Eye opening, hair appearance, pinna unfolding, and incisor eruption were observed. In order to evaluate sexual development, males were observed from PND 20 to 30 for testis descent and females from PND 30 to 40 for vaginal opening. The animals were observed until 100% of them showed each developmental milestone.
2.2.2.4. Body weight, body length, and anogenital distance. Body weight and naso-anal body length were measured on PND 0, 10 and 21. Calipers were used on PND 0 and 21 to measure the anogenital distance, considered as the length (millimeters) from the anal to the genital opening. Anogenital index was calculated as the anogenital distance/body length ratio.
2.2.2.5.
Open field behavior. To analyze offspring general activity, two open field apparatus similar to that described by Broadhurst [20] were used in this study. To evaluate the behavior of rats on PDN 10 and 21, the open field consisted of a wooden circular arena with diameter 40 cm and height 40 cm. An arena with diameter 100 cm and height 40 cm was used for adult rats on PDN 75. The floor of both arenas was divided into 25 approximately equal sections. All experiments were carried out in a quiet, diffusely lit room during the light phase of the day/night cycle between 2 and 5 p.m. To minimize possible influences of circadian rhythmicity on rat behavior in the open field, control and experimental animals were interspersed. The apparatus was cleaned with a 5% alcohol solution between each test.
The open field behavior was used for assessment of general activity on PND 10, 21 and 75. Two observers scored the behavior. Each animal was placed on the arena and the following parameters were observed for 5 min:
• Ambulation: number of sections entered with all 4 paws; • Rearing: number of times the animal stood on its hind limbs;
• Immobility: time in seconds the animal did not show motor activity and its head, trunk and limbs remained static; • Self-grooming: time in seconds the animal performed the cleaning activity.
Hand-operated counters and stopwatches were employed to score these parameters. The presence of urine, fecal boli and vocalization were also recorded and analyzed. Rats were maintained under controlled temperature conditions on a reverse 12 h light-dark cycle (lights on at 10 p.m.) with ad libitum access to food and water for 15 days prior to the tests. Behavioral estrous was produced in females with an intraperitoneal injection of estradiol benzoate (20 mg/kg) 24 h before the beginning of the test [21] . Around PND120, the mating tests were performed. Before the test, each male was allowed to acclimate to the test chamber. After 5 min, a female rat was introduced into the test cage. The following measures were recorded [22] : mount and intromission latencies, defined as the times from introduction of the female in the cage to the first mount and intromission, respectively; the number of mounts and intromissions preceding the first ejaculation; ejaculation latency, the time from introduction of the female into the cage to the first ejaculation; both mount and intromission latencies post-ejaculation, the times to the first mount and intromission after the first ejaculation; the number of intromissions after the first ejaculation; and total number of ejaculations. All males were tested only once.
2.2.2.7.
Female offspring -adulthood 2.2.2.7.1. Estrous cycle duration. The estrous cycle was assessed on the basis of vaginal smears collected every morning over a period of 15 days (PND 90 to PND 105). The material was observed under a light microscope and the estrous cycle phase was determined by cytology [23, 24] . The estrous cycle duration was calculated as the number of days between one estrous phase to the next.
2.2.2.7.2. Determination of circulating gonadatropin and ovarian steroid concentrations. During the estrous phase of the natural estrous cycle of female offspring from both Control and STZ groups, blood samples were collected from the caudal vein into heparin-coated syringes, at 09:00 a.m. Immediately after collection, blood samples were centrifuged (1200 g for 20 min at 4°C) and the plasma frozen at − 20°C until the assays were performed. Plasma LH and FSH were determined by double antibody radioimmunoassay using specific kits provided by the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK, MD, USA). The antiserum and reference preparation for LH were anti-rat LH-S10 and LH-RP3 and for FSH, anti-rat FSH-S11 and FSH-RP2 respectively. The lower limits of detection were 0.16 ng/mL for LH and 0.2 ng/mL for FSH. The intra-assay coefficients of variation were 4% for LH and 3% for FSH. The concentration of plasma progesterone and estradiol was determined by double antibody radioimmunoassay using MAIA kits provided by the BioChem ImmunoSystems, Itália S.P.A. The lower limits of detection were 5.0 pg/mL and 0.02 ng/mL respectively for estradiol and progesterone. The intra-assay coefficients of variation were 4.3% for estradiol, and 7.5% for progesterone. All samples were measured in duplicate and, when needed, at different dilutions. To prevent inter-assay variation, all samples of the same experiment were assayed in the same RIA.
2.2.2.7.3. Female sexual behavior. Rats were maintained under controlled temperature conditions on a reversed 12 h light-dark cycle (lights on at 10 p.m.) for 15 days prior to the tests, with food and water ad libitum. Around PND120, the mating tests were performed according to the methodology described by Felicio and Nassello [25] . Sexual behavior was assessed in cycling rats 3 to 4 h after a proestrous smear was observed. Sexually experienced males were used in these tests which lasted until ten mounts had been observed [26] . Results were expressed as the lordosis quotient (LQ, number of lordosis/ten mounts × 100) [27] . All male rats were tested only once. At PND 120 female offspring from both Control and STZ groups were housed with male rats and the morning on which sperm was found in the vaginal smear was designated pregnancy day 0. Glycemia was evaluated on days 0, 7, 14 and 21 of pregnancy. Rats were not fasted for glycemic determinations. Insulin tolerance tests (ITT) were performed on day 15 of pregnancy and an oral glucose tolerance tests on day 17 of pregnancy as described earlier.
Data analysis
Statistical significance was set at p b .05 for all data. All statistical analyses were performed using SPSS (IBM, SPSS Statistics 15).
Maternal measures
T-tests were used to compare insulin levels, litter size, sex ratio, and AUC values for the OGTT. Two way ANOVA with time as the within subjects measure and condition as the between subjects variable was used to assess glycemia before and during pregnancy, and to compare curves obtained from the OGTT and ITT tests. Two way ANOVA with day of lactation as a within subjects measure and condition as the between subjects variable was used to assess maternal behavior parameters. Fisher's test was employed to compare the distribution of birth weight and day of delivery between groups.
Offspring measures
T-tests were used to compare the timing of developmental landmarks, birth weight, circulating hormone levels, sexual behavior, estrous cycle length, and open field behavior in adulthood between groups. Fisher's test was employed to compare presence of urine, fecal boli and vocalization in the open field between groups. Three way ANOVA with time as the within subjects measure and maternal condition and sex as between subjects variables were used to assess body weight, body length, anogenital distance index, and open field behavior in infancy. A t-test was used to compare AUC values for the OGTT. Two way ANOVA with time as the within subjects measure and maternal condition as the between subjects variable was used to assess glycemia during pregnancy, and to compare curves obtained from the OGTT and ITT tests.
Results
Mother
Glycemia and insulin levels
Rats in the STZ group had higher blood glucose levels than Control rats on both PND 35 and 84 (PND 35 Control 114.37 ± 2.48 and STZ 121.4 ± 3.4 mg/dL; PND 84 Control 106.75 ± 1.62 and STZ 119.45 ± 3.57 mg/dL), (significant group effect (F(1,34) = 8.25, p b .05)). Plasma insulin determinations were performed on plasma obtained from a subset of Control (n= 6) and STZ (n= 6) rats on PND 84. Rats in the STZ group had lower circulating insulin levels than those from Control group (Control 0.52 ± 0.11 and STZ 0.23± 0.08, two-sample t(10)= 2.239, p b .05).
Mating and pregnancy
All 20 rats from the Control group reached adulthood and were mated, but only 16 (80%) showed vaginal smears positive for spermatozoa and carried to term. From the 61 rats injected with STZ on PND 0, 56 reached adulthood and were mated. 42 rats (75%) had a positive pregnancy diagnosis. On pregnancy day 0, only 21 rats (34%) achieved the inclusion criteria (blood glucose levels between 120 and 300 mg/dL). All of these carried their pregnancy to term and were included in this study. STZ rats that had a positive pregnancy diagnosis but did not achieve the inclusion criteria (21 rats) were not included in the present study.
Glycemia during pregnancy
As shown in Fig. 2A , overall blood glucose levels were higher in the STZ group than those in the Control group (significant group effect (F(1,35) = 12.929, p b .05)). Blood glucose levels in both groups decreased across pregnancy (significant time effect (F(3,105) = 90.862, p b .05)). There was also a significant group vs. time interaction (F(3,105) = 12.929, p b .05) and post hoc analyses showed no significant difference between Control and STZ groups on days 7 and 21 of pregnancy.
Insulin tolerance test (ITT) during pregnancy
The results of the insulin tolerance test are shown in Fig. 2B . Overall blood glucose levels of the STZ group were higher than those in the Control group (significant group effect F(1,34) = 4.356, p b .05). However, insulin injection reduced glucose levels in both groups (significant time effect F(3,102) = 36.285, p b .05).
Oral glucose tolerance test (OGTT) during pregnancy
Results of the OGTT given on day 17 of pregnancy are shown in Fig. 2C and D. The area under the OGTT glycemic curve (AUC) was greater in the STZ group compared to Control group (two-sample t(35)= 3.61, pb .001). Analysis of the glycemic curves obtained from the OGTT showed significant main effects for group and time as well as a significant group vs. time interaction (F(1,34) 
Pregnancy duration, litter size and sex proportion
Rats from the STZ group had slightly longer pregnancies (Fisher's test, 21 days: Control 62.5% and STZ 33.3%, p = 0.076; 22 days Control 37.5% and STZ 57.1%, p > .05; 23 days Control 0% and STZ 9.6%, p b .05) and gave birth to fewer pups than Control rats (Control 10.44 ± 0.62 and STZ 8.52 ± 0.69, two-sample t(35) = 1.993, p = 0.054). Litters of STZ rats contained a greater proportion of female offspring than those from Control group (Control 43.66 ± 3.67% and STZ 58.51 ± 2.92%, two-sample t(35) = 3.22, p b 0.01).
Maternal behavior
Maternal behavior results are shown in Fig. 3 . One STZ-treated rat did not retrieve any pups and one Control and one STZ rat only retrieved 4 pups. Data from these animals was removed from the analysis. There was a significant effect of lactation day on full maternal ). This effect was most apparent on day 10 of lactation but the analysis did not yield a significant day× group interaction (Fig. 3A) .
There was a significant effect of lactation day (F(1,19) = 8.776, p b .05) on total time on crouching, with rats from both groups spending more time in crouching position on day 10 (day 5: Control 457.54 ± 126.97, STZ 490.87 ± 64.36; day 10: Control 802.63 ± 120.84, STZ 675.38 ± 55.92). The longest crouching period was greater in the Control than the STZ group (significant group effect F(1,15) = 10.661, p b .05). As Fig. 3B shows the duration of the longest crouching period increased in the Control rats from days 5 to 10 but not in the STZ-treated mothers and this is reflected in trends towards significance for both day of lactation (F(1,15) = 4.221, p = 0.058) and a lactation day × group interaction (F(1,15) = 3.897, p = 0.067) effects.
45% of females in the Control group spent time building a nest on day 5 and a similar proportion (but not necessarily the same rats) did so on day 10. In the STZ group 38.5% females on day 5 and 69% on day 10 built a nest. These differences were not significant (Fisher's test, p > .05). Because some rats built a nest on day 5 and not on day 10 and vice versa the time spent nest building could not be analyzed with day as a repeated measure. So two independent ANOVAs were conducted. There was no significant difference in time spent nest building between the groups on either test day (Fig. 3C ).
There were no significant differences either of group or day of lactation on time spent grooming the pups, self grooming or away from the pups (data not shown).
Offspring
Distribution based on offspring birth weight
Body weight at birth was increased in the offspring of STZ rats when compared with those of Control dams (male: Control 5.82 ±0.12, STZ 6.28± 0.14, two-sample t(32)= 2.5, p b .05; female: Control 5.34 ± 0.14, STZ 5.84 ± 0.11, two-sample t(32) = 2.811, p b .01). However, the proportion of newborns classified as SPA, APA and LPA did not differ between Control and STZ groups (Control: 3.6% SPA, 89.8% APA, 6.6% LPA; STZ: 2.2% SPA, 89.4% APA, 8.4% LPA. Fisher's test, p > .05).
Physical development
Time of appearance of development landmarks for offspring of Control and STZ rats is shown in Fig. 4 . Pinna unfolding (two-sample t(35) = 2.1, p b .05) and eye opening (two-sample t(35) = 2.7, p b .05) were significantly advanced in offspring from STZ dams. However, there was a delay in hair growth in these animals when compared with offspring from Control dams (two-sample t(35) = 2.38, p b .05). There was no difference in time of incisor eruption between Control and STZ offspring.
Body weight, body length, and anogenital distance
As expected there was an increase in body weight, body length, and anogenital distance index over time Table 1 ). Males in both groups had greater body lengths and AGD/BL ratio than females (significant sex effect; BL (1.65)= 4.373, p b .05; AGD/BL (1.65) = 1386.988, p b .001). There was also a trend toward a slower increase in body length in the offspring from STZ dams although this effect was only marginally significant (time× group interaction F(2,130) = 2.958, p = 0.055).
Open field in infancy
Behavior in the open field in infancy of offspring from Control and STZ groups are presented in Fig. 5 and Table 2 . Time spent grooming and number of ambulations increased with age (significant time effect F(1,70) = 144.669, p b .05, F(1,70) = 376.811, p b .05, respectively). There was no significant effect of sex of subject on any of these measures nor were there any main effects of maternal treatment. Similarly there was no significant effect of either sex of subject or maternal treatment on rearing or urination frequency (see Table 2 ). (Fig. 5C ). There was also a higher number of fecal boli on PND 21 in this group, although this difference failed to reach statistical significance (Fisher's test, p = 0.0960) (Fig. 5D ). There were no differences on fecal boli and vocalization for males or for females on PND 10 (data not shown). 3.2.7.3. Female offspring -pregnancy. There was no effect of maternal treatment on blood glucose levels in their pregnant offspring although AGD index PND 0 0.06 ± 0.00 0.06 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 PND 21
Sexual development
0.14 ± 0.00 0.14 ± 0.00 0.09 ± 0.00 0.09 ± 0.00
Values are expressed as mean ± standard error of mean.
blood glucose levels decreased across pregnancy in both groups (significant time effect (F(3,84)=56.612, pb .05)). As expected, insulin injection decreased blood glucose levels in both groups (significant time effect (F(3,54)=61.544, pb .05)) and oral glucose administration increased blood glucose levels in both groups (significant time effect (F(3,54)=47.139, p b .05)). However, responses to the ITT or OGTT during pregnancy did not differ significantly across groups.
Discussion
In the present study we explored the effects of mild hyperglycemia during pregnancy on maternal care and offspring behavior and development. As expected, neonatal injection of STZ caused mild hyperglycemia during pregnancy and changes in maternal care. Additionally, the abnormal intrauterine environment led to consequences for both offspring development and behavior.
Reduced number of live fetuses and high implantation loss rate are characteristic of a severe hyperglycemic (glycemia above 300 mg/dL) intrauterine milieu [3, 28, 29] . Studies using mild hyperglycemic rats (glycemia between 120 and 300 mg/dL) have shown conflicting results. A study using a similar model to induce mild hyperglycemia [3] to that used in the current experiment found no differences in implantation losses while another study showed increased pre and post implantation loss rates [7] . STZ rats from the present study gave birth to fewer pups and a smaller proportion of these were males, suggesting that the mild hyperglycemia experienced during pregnancy increased embryonic implantation loss in this group.
The combination of intra-uterine development and lactation allows maternal state to influence offspring nutrition and development throughout fetal life and infancy. Maternal diabetes during pregnancy presents the fetus with an abundant supply of glucose inducing adaptation on fetal development that may have long lasting consequences for offspring metabolism [1] . Additionally, maternal diabetes might change maternal care and thereby affect offspring behavior and development. Overall, only modest alterations in maternal behavior were observed in STZ-treated females in the current study suggest that although mild diabetes modifies some aspects of mother-pup interaction, it does not compromise maternal care as a whole.
STZ-treated rats retrieved their pups faster and showed a shorter duration of the longest crouch than Control rats and both of these effects were stronger on day 10 of lactation. Either of these effects could be produced by changes in the mother and/or the pups. Mothers respond differently depending on the size and activity level of their offspring. In addition, anxious mothers might be expected to retrieve their offspring more quickly and severely diabetic rats have been reported to be more anxious than Controls [30] . Since maternal anxiety was not assessed in the present study, another possible explanation is that STZ-treated dams may have a stronger maternal response. In this way, the fact that STZ mothers retrieved their pups faster than Control ones is not necessarily an adverse response. With respect to crouching duration, high anxious females may be more aroused by the environment with the result that they are easily disrupted form crouching. Circulating hormones were not measured in the dams in this study either during pregnancy or in lactation itself. However, we have previously shown that neonatal STZ treatment increases progesterone levels in virgin rats and high progesterone levels at the end of pregnancy are related to changes in maternal care [31] suggesting another route through which maternal behavior might be altered in STZ rats. The maternal care that female rats receive in infancy can influence the pattern of care that they, themselves, display. It should be noted, therefore, that the Control rats in this experiment were derived from a relatively small number of litters and thus could have contributed to a low variation in parameters of maternal care [32] . However, the data shown in Fig. 3 show no indication of such a truncated variance. There were some effects of maternal mild hyperglycemia on offspring development. In pregnant diabetic animals increased amounts of glucose reach the fetus stimulating the fetal endocrine pancreas to produce more insulin inducing a state of hyperinsulinemia. By the end of pregnancy, the fetus controls its own glucose homeostasis by adapting its insulin production and insulin action. The combination of an excess of maternally derived glucose and fetal hyperinsulinemia stimulates fetal metabolism and results in fetal and neonatal macrosomia [1] . Consistent with this, in the present study female and males pups born to STZ mothers had higher birth weights than those born to Controls. However, this difference in body weight was not enough to classify the pups as large for pregnancy age (LPA). Other studies have also failed to show macrosomia in the offspring of maternal mild hyperglycemia mothers [5, 7] . Thus, overall, results suggest that glycemic levels in this range induce only small increases in birth weight.
Although the effects of mild hyperglycemia on offspring body weight were minor, physical development was altered. Offspring of STZ rats showed advanced pinna unfolding and eye opening but delayed hair growth and this might result from the hyperinsulinemia that has been reported at birth in young of STZ-treated mothers [1] . Insulin and other growth factors, such as insulin-like growth factor (IGF-1 and IGF-2) and epidermal growth factor (EGF) are prominent determinants of fetal growth and development [33] . EGF exerts powerful growth promoting activities on epidermal and epithelial tissues [34] . EGF delays hair growth [34] and advances eye opening [34] [35] [36] . With respect to pinna unfolding, conflicting results have been reported, showing delay [36] or no change [35] . Together it appears that increases in EGF levels could contribute to some of the changes in physical development observed in the current study.
The current results do not reveal any major effects of maternal hyperglycemia on the behavior of the offspring in the open field in early life and any changes observed seem to be more apparent in female offspring. In adulthood, the male offspring of STZ-treated dams showed a reduction in immobility in the open field and there were no effects on the behavior of females at this time. These differential effects on males and females are consistent with sex dependent effects of the diabetic intrauterine environment on neurodevelopment have been reported in other contexts [9] .
Several studies studying the offspring of diabetic women have reported an array of behavioral differences [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Thus one might expect to see large effects of mild maternal hyperglycemia on offspring behavior in the open field. However, even the few studies carried out to investigate the effects of high levels of maternal hyperglycemia on offspring behavior have produced differing results. Ramanathan et al., found that offspring of severely diabetic dams showed hyperactivity in the open field and more anxious behavior in the elevated plus maze [10] . In contrast, results of another study [47] , using a very similar model of STZ administration, found no differences in behavior in the open field in either infancy or adulthood.
Similarly, results of studies examining the behavior and physiology of the offspring of severely diabetic rats have shown decreases in mounting, intromission, ejaculation, and post-ejaculatory intromission compared with Controls [48] and changes in the testes in fetal life Steger and colleagues [48] . In contrast, the male offspring born to mildly hyperglycemic mothers in the current study showed no differences in sexual behavior from Controls. To our knowledge this is the first study to examine the effects of maternal hyperglycemia on the sexual behavior of female offspring, and we observed no difference in hormonal levels, estrous cycle duration, and sexual behavior. The results together suggest that mild maternal hyperglycemia did not impair reproductive function of both female and male offspring. Offspring reproductive impairment seems to be associated with the hyperglycemia intensity.
The highly disturbed nutrient balance in a diabetic pregnancy may have deleterious effects on the developing fetal endocrine pancreas [49] . As a result, offspring from hyperglycemic mothers present glucose intolerance in adulthood. This effect is called the "transgenerational effect of diabetes", where the diabetogenic effect is transmitted to the next generation [1] . Several studies suggest that the adult offspring of diabetic mothers develop diabetes during pregnancy [1, 8, 10, 50] ; with decreased insulin response and impaired glucose tolerance [1] . However, female offspring STZ rats in the current study responded well to both glucose and insulin challenges despite developing in an abnormal intrauterine milieu, suggesting that glycemic levels of STZ dams in the present study are not sufficiently high to impair female offspring glucose tolerance during pregnancy.
Conclusions
In conclusion, STZ neonatal injection caused mild hyperglycemia during pregnancy. The glycemic levels during pregnancy are similar to those usually present during pregnancy in women with wellcontrolled diabetes, supporting the validity of this model. Mild hyperglycemia during pregnancy changed some aspects of maternal care. The hyperglycemic intrauterine milieu altered the physical development and open field behavior of the offspring but did not impair male and female offspring sexual behavior. During pregnancy, STZ female offspring did not become hyperglycemic or intolerant to glucose. Therefore, it can be concluded that mild hyperglycemia during pregnancy caused changes in maternal behavior, and offspring development and general behavior activity, but failed to induce glucose intolerance in adult offspring. STZ offspring presented fewer changes in behavior and physiology than the offspring of severely diabetic dams observed in previous studies. Therefore, the severity of effects on the offspring of a hyperglycemic environment seems to be related to the intensity of the level of hyperglycemia.
